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Hsp40 Affinity to Identify Proteins Destabilized by Cellular 
Toxicant Exposure

Guy M. Quanrud,

Maureen R. Montoya,

Liangyong Mei†,

Mohammad R. Awad,

Joseph C. Genereux*

Department of Chemistry, University of California, Riverside, CA 92521

Abstract

Environmental toxins and toxicants can damage proteins and threaten cellular proteostasis. Most 

current methodologies to identify misfolded proteins in cells survey the entire proteome for sites 

of changed reactivity. We describe and apply a quantitative proteomics methodology to identify 

destabilized proteins based on their binding to the human Hsp40 chaperone DNAJB8. These 

protein targets are validated by an orthogonal limited proteolysis assay using parallel reaction 

monitoring. We find that brief exposure of HEK293T cells to meta-arsenite increases the affinity 

of two dozen proteins to DNAJB8, including known arsenite-sensitive proteins. In particular, 

arsenite treatment destabilizes both the pyruvate dehydrogenase complex E1 subunit and several 

RNA-binding proteins. This platform can be used to explore how environmental toxins impact 

cellular proteostasis, and to identify the susceptible proteome.

INTRODUCTION

Exposure to environmental toxins threatens the structural integrity of proteins.1 Structural 

changes due to oxidation, covalent modification, or non-covalent binding can cause proteins 

to misfold, leading to aggregation or loss of function.2 For example, the heavy metal arsenic 

(As) binds to protein sulfhydryl groups and generates reactive oxygen species (ROS).3 

Consequent accumulation of misfolded proteins and oxidative stress activates the Heat 

Shock Response (HSR) to induce chaperones and restore protein homeostasis.4 Activation 

of HSR or other similar misfolded protein stress responses is a common response to heavy 

metals, electrophilic pesticides/herbicides, and other environmental toxins. While measuring 

*Corresponding Author Joseph C. Genereux – Department of Chemistry, University of California, Riverside, Riverside, CA 92521; 
Phone: 1-951-827-3759; josephg@ucr.edu.
†Present Address: Department of Chemistry, Colgate University, Hamilton, NY 13346
Author Contributions
The manuscript was written through contributions of all authors. All authors have given approval to the final version of the manuscript.

ASSOCIATED CONTENT

Supporting Information
The Supporting Information is available free of charge on the ACS Publications website.

The authors declare no competing financial interest.

HHS Public Access
Author manuscript
Anal Chem. Author manuscript; available in PMC 2023 February 21.

Published in final edited form as:
Anal Chem. 2021 December 21; 93(50): 16940–16946. doi:10.1021/acs.analchem.1c04230.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



these responses indicates whether a given toxin is likely to be inducing protein misfolding, 

it does not indicate which proteins are misfolding, and hence which cellular pathways are 

being affected by the exposure.

Most current approaches to identify misfolded proteins measure proteome-wide solvent 

accessibility by mass spectrometry to infer conformational changes.5,6 Stability of Proteins 

from Rates of Oxidation (SPROX) analyzes protein methionine oxidation in cellular 

lysates, with varying chaotrope concentrations to measure proteins’ ΔGunfolding.7,8 Fast 

Photochemical Oxidation of Proteins (FPOP) measures the exposure of protein sites in cells 

or organisms to in situ generated hydroxide radicals.9 Limited Proteolysis (LiP) measures 

proteome-wide susceptibility to proteolytic cleavage.10 Covalent protein painting measures 

differences in protein folding based on accessible lysine ε-amines after proteins are exposed 

to electrophilic reagents.11 Cellular Thermal Shift Assay (CETSA) measures proteome-wide 

susceptibility to aggregation with increasing temperature.12 Each technique offers a unique 

approach using quantitative proteomics to assess protein stability in a cell.

Alternatively, the cell identifies misfolded proteins through recognition by chaperones. A 

highly promiscuous chaperone is Hsp70, which relies upon members of the Hsp40 family 

to identify and recruit misfolded protein clients for refolding; one third of the proteome 

relies on this cycle under basal conditions13–16. Release of clients from Hsp40 to Hsp70 

can be blocked by an H-to-Q mutation in the Hsp40 J-domain, stabilizing misfolded protein 

binding.17

DNAJB8 is notable among human Hsp40s for its dual nuclear and cytosolic localization, 

formation of oligomers, and slow client release kinetics.18–21 We previously used affinity 

purification and quantitative proteomics to identify hundreds of cellular protein clients 

of overexpressed human Hsp40 DNAJB8H31Q with high reproducibility and statistical 

confidence.22 Herein we exploit the ability of DNAJB8H31Q to recognize misfolded protein 

clients to develop a platform for identifying proteins that are destabilized in response to 

exogenous stress (Figure 1). We demonstrate this approach in HEK293T cells treated with 

trivalent arsenic, a toxic metal that causes widespread damage to nucleic acids and proteins, 

leading to genomic and metabolic instability.23

MATERIALS AND METHODS

Materials:

Bovine Serum Albumin (BSA), Dulbecco’s Modified Eagle Media (DMEM), Dulbecco’s 

phosphate-buffered saline (DPBS), 10 cm plates, and 6 well plates were from VWR. 

Roche Protease Inhibitor cocktail w/o EDTA (PIC), 1,4-dithiothreitol (DTT), HEPES, 

sodium meta arsenite (NaAsO2), Cd(NO3)2•(H2O)4 were from Sigma Aldrich. Sodium 

chloride (NaCl), Tris-Hydrochloride (Tris-HCl), Triton X-100, sodium deoxycholate, KCl, 

MgCl2, CaCl2, Ag(NO3)2, Na2S2O3, urea, Ca(O2C2H3)2), glycerol, sodium dodecyl sulfate 

(SDS), poly D-lysine, and sequencing grade trypsin were from Thermo Fisher Scientific. 

Proteinase K (PK) was from Promega. Nanopure water was purified using a Millipore 

Milli-Q Laboratory lab 4 Chassis Reagent Water System. 5 μm and 3 μm Aqua C18 

resins were from Phenomenex. Sepharose-4B beads, anti-M2 Flag magnetic beads, tris 
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(2-carboxyethyl)phosphine hydrochloride (TCEP), and iodoacetamide were from Millipore 

Sigma. 250 μm diameter fused silica columns were from Agilent. 100 μm diameter fused 

silica columns were from Polymicro. Strong cation exchange resin was from Partisphere, GE 

Healthcare. Rapigest was from Aobious (Gloucester, MA). TMT-6plex isotopic labels were 

from Pierce. Bradford reagent was purchased from Bio-rad.

AP-TMT-MudPIT:

TMT-AP-MS experiments were performed as previously described22. For each sixplex 

TMT-AP-MS, six 10 cm plates of HEK293T cells were transfected by the calcium 

phosphate method with 5 μg of plasmid DNA encoding FlagDNAJB8H31Q in the pFLAG 

backbone. Plates were treated with heavy metal salts or vehicle at 40–46 hours post 

transfection. Cells were harvested by scraping in DPBS and lysed in 9 parts RIPA Buffer 

(150 mM NaCl, 50 mM Tris pH 7.5, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% 

SDS) and 1 part 10x PIC for 30 min on ice. Lysate was separated from cell debris by 

centrifugation at 21,000 x g for 15 minutes at 4 °C. Protein in the lysate was quantified by 

Bradford. Lysates were pre-cleared with 15 μL Sepharose-4B beads for 30 min at 4 °C, then 

centrifuged at 1,500 x g for 1 min to pellet beads. Lysate was then separated and incubated 

with 15 μL of M2 anti-Flag Magnetic Beads and rotated overnight at 4 °C. The anti-Flag 

beads were washed the next day four times with RIPA buffer. Each wash included rotation 

for 10 minutes at ambient temperature. Proteins bound to the anti-Flag beads were eluted by 

boiling for 5 min at 100 °C in 30 μL of Laemmli concentrate (120 mM Tris pH 6.8, 60% 

glycerol, 12% SDS, brilliant phenol blue to color). 5 μL of the elutes were saved for silver 

stain analysis and the remainder was prepped for mass spectrometry and TMT-labeled.

Only MS quality organic solvents were used during sample preparation. The composition 

for buffer A is 5% acetonitrile, 0.1% formic acid in water. The composition for Buffer 

B is 80% acetonitrile, 0.1% formic acid. The composition for Buffer C is 500 mM 

ammonium acetate in Buffer A. The first arsenic exposure TMT-MS run was performed 

as one-dimensional LC/MS/MS on an Orbitrap Fusion Tribrid mass spectrometer (Thermo) 

interfaced with a nanoAquity UPLC (Waters) system. All other MS runs were performed 

with a two-dimensional LC/MS/MS setup on an LTQ Orbitrap Velos Pro hybrid mass 

spectrometer (Thermo) interfaced with an Easy-nLC 1000 (Thermo) according to standard 

MuDPIT protocols24. For each run, MS/MS spectra were extracted using MSConvert 

(version 3.0.21144) with Peak Picking Filtering. MS/MS spectra was then searched by 

FragPipe25 against a Uniprot human proteome database (06/11/2021 release) containing 

40858 human sequences (longest entry for each protein). MS/MS spectra were also searched 

against 20429 select decoys (e.g albumen, porcine trypsin, contaminants etc.). FragPipe 

searches allowed for static modification of cysteine residues (57.02146 Da, acetylation), 

and N-termini and lysine residues (229.1629 Da, TMT-tagging), half tryptic peptidolysis 

specificity, and mass tolerance of 20 ppm for precursor mass and 20 ppm for product 

ion masses. Spectra matches were assembled and filtered by MSFragger (version 3.2). 

Decoy proteins, common contaminants, immunoglobulins and keratins were filtered from 

the final protein list. Quantitation in FragPipe was performed by averaging TMT reporter ion 

intensities for all spectra associated with an individual peptide.
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Statistical Analysis:

Protein-level intensities were normalized to the intensity of bait (DNAJB8) in each TMT 

channel. To combine the multiple TMT runs, we used a version of the scaled reference 

approach26. A scaling factor was obtained from averaging the bait-normalized integrated 

TMT reporter ion intensities for each protein across the 3 control conditions in each AP-

MS run. Each bait-normalized protein intensity was then divided by this scaling factor. 

Unadjusted p-values were converted to q-values (local false discovery rates) using Storey’s 

modification to the method of Benjamini and Hochberg27,28. Unadjusted p-values were 

ranked in increasing order and the q-value for the ith protein determined from:

qi = π mini ≤ j ≤ n
pn
i

Storey’s modification is performed by determining the overrepresentation of low p-values to 

infer a global false discovery rate, and then scaling local false discovery rates accordingly. 

The π-factor for this scaling was 0.84 for the arsenic treatment TMT-AP-MS data set and 

0.79 for the cadmium treatment.

Limited Proteolysis:

The limited proteolysis procedure was optimized from standard protocols29. 1 mg/ml stocks 

were made from 25 mg of lyophilized Proteinase K (PK) dissolved in a storage buffer 

(50 mM Tris-HCl, 2 mM calcium acetate, pH 8.0) suitable for PK and stored at –70 

°C. The following concentrations of PK were prepared from serial dilutions from 1mg/ml 

aliquot: 0.5 mg/ml, 0.2 mg/ml, 0.1 mg/ml, 0.05 mg/ml, 0.02 mg/ml, and added to lysate 

to yield 1:200, 1:500, 1:1000, 1:2000, and 1:5000 wt/wt protease: substrate protein ratios 

respectively. For each digestion, 2 μl PK was added to a 200 μg aliquot of protein lysate 

and incubated for 1 min at 25.0 °C. Samples were then boiled for 5 min to quench PK 

activity. Three separate digestions were performed for the no PK condition for each lysate 

sample. The sample set-up and the calculation of fraction remaining for each peptide is 

shown in Figure S1. Samples were prepared for mass spectrometry, spiked with an internal 

standard peptide NH2-VFFAEDVGSNK-CO2H to 83 nM and analyzed using LC-MS/MS 

and parallel reaction monitoring (PRM).

FlagPDHA1 co-IP:

Immunoprecipitations were performed similarly to those of FlagDNJAB8H31Q with the 

exception that cells were crosslinked prior to lysis with 1 mM DSP/1% DMSO/DPBS for 

30 mins while rotating at ambient temperature. DSP was quenched with 100 mM Tris pH 8 

(final concentration) with rotating for 15 minutes at room temperature

RESULTS AND DISCUSSION

Protein misfolding stresses leads to extensive transcriptional, translational, and post-

translational remodeling of the cell.[30] To isolate stress-induced protein misfolding from 

these pleiotropic effects, we limited cellular exposure to brief 15 min treatments. We 

validated that 15 min. 500 μM sodium meta-arsenite (NaAsO2) induces expression of the 
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HSR target HSPA1A in HEK293T cells (Figure S2). Because HSR is activated by misfolded 

protein accumulation, this suggests that 500 μM arsenite treatment causes protein misfolding 

in only 15 min. This response is not suppressed by overexpression of FlagDNAJB8H31Q 

(Figure S2), indicating that our recognition element for misfolded protein does not prevent 

protein destabilization.

We used the experimental approach illustrated in Figure 2A to determine proteins that 

misfold in response to arsenite exposure. FlagDNAJB8H31Q was transiently overexpressed 

in HEK293T cells, followed by 15 min. NaAsO2 treatment and immediate Flag 

immunoprecipitation from cellular lysate. Co-immunoprecipitated proteins were identified 

and quantified by LC/LC-MS/MS in concert with TMT isobaric tagging.31 Overall, 24 

biological replicates (12 treated and 12 controls) were analyzed through four 6-plex TMT 

runs. Most observed protein clients slightly increase affinity to DNAJB8 following arsenite 

treatment, likely because peptides from proteins with increased DNAJB8 binding following 

arsenite treatment are more represented in the pooled peptide mixture, and thus have higher 

chances of identification during shotgun proteomics. However, the bulk DNAJB8 associated 

proteome does not change (Figure 2B). 24 proteins have significantly greater affinity for 
FlagDNAJB8H31Q in response to the arsenite treatment. These proteins include PDHA1 and 

17 ribosomal RNA-binding proteins, including HNRNPA0, TDP-43, RACK1, and RPS16 

(Figure 2C and Table S1).

Arsenite generally induces misfolding and aggregation of RNA-binding proteins into 

stress granules.32,33 However, canonical stress granule markers34 G3BP1 and eIF4G1 

are not enriched in DNAJB8H31Q pull-downs from arsenite-treated cells, indicating 

that DNAJB8H31Q is not co-precipitating intact stress granules (Table S1). TDP-43 

is a ribonuclear protein that forms aggregates in ALS and other proteinopathies.35 It 

accumulates in cytoplasmic and nuclear condensates in response to arsenite treatment, due 

to displacement from RNA and post-translational modification.36 Yeast RACK1 migrates 

to stress granules in response to arsenite.37 It is particularly interesting that PDHA1, the 

alpha subunit of the pyruvate dehydrogenase complex (PDC),38 is destabilized by arsenite. 

Inhibition of PDC is a major contributor to arsenite-induced metabolic disfunction.39 We are 

encouraging that our assay primarily finds proteins that are known to be arsenite-sensitive.

The Hsp40 Affinity mass spectrometry experiments are comparisons between two sets 

of twelve AP-MS preparations, analyzed as four individual multiplexed injections of six 

samples each. To indicate the robustness of hits from this assay, the Strictly Standardized 

Mean Differences (SSMD) were compared between each multiplexed injection (Figure 

S3). SSMDs represent the mean differences between the treated and untreated populations, 

normalized by root-mean-square standard deviations. The most affected proteins reproduce 

well across each replicate. It is worth noting that arsenite treatment does not affect the 

bulk proteome of eluted DNAJB8H31Q co-IPs by silver stain of the eluate (Figure S4). 

The arsenite pulldowns collectively identified and quantified 1696 unique proteins, not 

including 28 keratin/immunoglobulin proteins that were excluded from the set, and 24 

proteins that were identified but whose TMT reporter ions could not be quantified. We 

previously characterized 562 high confidence DNAJB8H31Q interactors from AP-MS in 

unstressed HEK293T cells22. Those included 379 of the proteins found in this study, and 
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21/30 of our high confidence arsenite-sensitive proteins. It is possible that stress conditions, 

by increasing the affinity and thus recovery of a select proteome, also increase the likelihood 

of identifying those proteins from data-dependent analysis. Piette et al recently40 reported 

comprehensive interactomes of human Hsp40 and Hsp70 family proteins (unlike our work, 

these all had active J-domains), finding 37 high confidence interactors of DNAJB8 and 

another 479 proteins that could not be reliably distinguished from background. We find 

22/37 of their high-confidence interactors in our data set, with most of the missing proteins 

being either Hsp70s (which bind through the J-domain) or Hsp70 binding proteins (Hsp40s, 

CHIP, FKBP8 etc.), consistent with expected differences in recovery between the wild-type 

protein and a J-inactive variant. Conversely, 11/31 of our high confidence arsenite-sensitive 

proteins are found in their study, and none are among their high confidence interactors.

To determine whether the arsenite response is specific, we treated cells with Cd2+, another 

heavy metal that induces cellular apoptosis through generation of ROS.[41] 15 min. treatment 

with 200 μM Cd(NO3)2 induces HSR in HEK293T cells (Figure S5). Cells were treated with 

Cd or vehicle for 15 min. and then immediately lysed, and the DNAJB8H31Q interacting 

proteome quantified by TMT-AP-MS (Figure 3 and Table S2). As with arsenite-treated 

cells, the bulk DNAB8H31Q interacting proteome is unaffected (Figure S6). Unlike with 

arsenite, the only proteins destabilized by acute Cd treatment are PDHA1 and BAZ1B 

(Figure 3 and Figure S7). Rather, many proteins slightly lose affinity for DNAJB8 following 

treatment, perhaps due to direct binding to Cd. As with arsenite, Cd exposure inhibits 

pyruvate dehydrogenase activity42. TDP-43 association with DNAJB8 is unchanged, despite 

reports that Cd2+ treatment (100 μM, 2 h) promotes TDP-43 aggregation in Cos7 cells.35 

The difference in proteome destabilization between the two heavy metals suggests that 

ROS generation is not adequate to explain their effects on protein stability following acute 

arsenite exposure.

Protein sequences are optimized for a native conformational landscape, and hence damage 

that modulates charge, sterics, or binding partners has the potential to induce misfolding. 

However, binding to the native state will generally stabilize that state, decreasing the 

propensity to access misfolded states. This is the basis of ligand target discovery through 

stabilization as widely employed in CETSA12. Because our assay enriches Hsp40 clients, 

it will enrich proteins with enhanced destabilization in response to treatment and should be 

inherently disadvantaged for discovery of stabilized protein targets. However, we would still 

expect to see proteins that are stabilized, such as are observed on the left in Figure 2C and 

Figure 3 if, for example, direct metal binding increases ΔGunfolding.

Although our short treatments and immediate processing avoid many pleiotropic effects (e.g. 

altered transcription, translation, trafficking, and degradation, etc.), unforeseen variables 

besides protein stability could impact DNAJB8-client affinity. Hence we applied an 

orthogonal assay, LiP, to validate and prioritize proteins with arsenite-induced binding to 

DNAJB8 (Figure 4A). LiP as a discovery technology is challenged by the need to identify 

and quantify peptides in a proteome that has been rendered complex by the use of two 

orthogonal proteases; for example, hit overlap with SPROX from the same samples is about 

~20%43,44. We targeted select peptides from our hit proteins to alleviate this challenge. The 

PK concentration gradient was optimized to bracket the full range of changes in observable 
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protein on a Coomassie-stained SDS-PAGE gel (Figure S8). Bulk protein band intensity 

decreases at a PK:protein ratio of 1:1000 and little intact protein is observable at 1:100 

PK:protein. These values are somewhat lower than commonly reported conditions, which 

range from 1:33 to 1:10045,46. Peptides for monitoring were chosen in the Picky software47, 

based on chemical properties amenable to PRM and to maximize distribution across the 

chromatographic gradient. The PRM method had a median CV of of 20%, with all but one 

peptide below 30% (Table S3). Biological replicates showed similar CV values (Table S4). 

Precision was unaffected by choice of MS2 resolving power (Table S5), consistent with a 

recent report on the dispensability of high resolution for PRM48, so 7500 was used.

We treated cells with arsenite or vehicle for 15 min., followed by immediate lysis. 

Lysates were treated with varying concentration of proteinase K for 1 min, heat-quenched, 

tryptically digested, and peptides from candidate proteins quantified by Parallel Reaction 

Monitoring (PRM).49 If a cellular treatment increases the PK proteolysis yield of a peptide, 

that implies that the protein is destabilized in the vicinity of that sequence45. Limited 

proteolysis is a local measure of protein conformation and thus is subject to false negatives 

at the protein level. Hence, a given peptide being equally sensitive to proteolysis with or 

without cellular treatment does not imply that the entire protein is unaffected.

We determined the proteolytic susceptibility with and without 15 min. cellular arsenite 

treatment for 13 peptides from PDHA1, RSP16, RPS3, TDP-43, HNRNPK, RACK1, and 

HNRNPA0. Although RPS3 was a lower significance protein from our screen, we included 

it in these targeted LiP experiments because arsenite causes release of RPS3 from RNA50, 

which could affect protein stability. Peptides from PDHA1 and RPS16 are more susceptible 

to proteolysis upon arsenite treatment, implying that arsenite destabilizes these proteins 

(Figures 4B and S9A). The peptides chosen for TDP-43, HNRNPA0, RACK1 and RPS3 do 

not show a clear increase in proteolytic sensitivity; those proteins might still be destabilized 

by arsenite in unsampled regions of the protein. HNRNPK increases sensitivity at two 

peptides, but not at three others. No peptide became less sensitive to PK following cellular 

arsenite treatment. We expanded the TDP-43 evaluation to four additional peptides, of which 

three showed arsenic sensitivity (Figure S9B and Table S6). Surprisingly, all three peptides 

come from structured regions within the RNA-binding domains of the protein.51 The two 

peptides that do not have increased proteolytic susceptibility in response to cellular arsenic 

exposure are in intrinsically disordered regions; one is in the linker between the RNA 

binding domains and the other is in the unstructured C-terminus. The general validation 

of protein destabilization by an orthogonal method demonstrates that DNAJB8H31Q affinity 

successfully identified proteins that are destabilized by arsenite treatment.

The sensitivity of PDHA1 to arsenite is surprising. PDC inhibition by arsenite is generally 

ascribed to arsenite coordination to vicinal thiols in the lipoamide cofactor3, though 

other evidence strongly points to lipoamide binding being unnecessary for inhibition by 

arsenic.52 PDC is composed of three subunits, including an E1 heterotetramer containing 

two PDHB and two PDHA1 proteins.38 Lipoamide is anchored covalently to DLAT in 

the E2 subunit, but reacts in the groove of PDHB in the E1 subunit. We considered 

the hypothesis that arsenite destabilizes the rest of the E1 subunit. PDHB did show 

increased affinity to DNAJB8H31Q in our initial screen, but with low significance (FC 
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= 1.3 ± 0.3, q = 0.06). The binding of DLAT to DNAJB8H31Q was not meaningfully 

unaffected by arsenite exposure (FC = 0.93 ± 0.48, q = 0.69). Because LiP measures 

local proteolytic sensitivity,[41] we used targeted LiP to determine whether PDHA1 and 

PDHB are globally destabilized. Eleven peptides from PDHA1 and PDHB were selected, 

covering most of the protein sequences (Figure 5A, Figure S9C, and Table S7). Most 

locations on both proteins are destabilized by cellular arsenite treatment (Figure 5B), 

indicating that the proteins undergo an extensive conformational change with arsenite 

treatment. In particular, cellular arsenite increases proteolytic susceptibility at the E1-E2 

interface (IMEGPAFNFLDAPAVR and TIRPMDMETIEASVMK peptides). The peptide at 

the lipoamide binding site (VFLLGEEVAQYDGAYK), however, is not affected. That lead 

us to explore the hypothesis that perhaps cellular inactivation of PDC is caused by complex 

destabilization and disassembly of E1. We cloned affinity tagged FlagPDHA1 and expressed 

by transfecting in HEK293T cells. As expected for a dynamic complex, FlagPDHA1 requires 

intracellular crosslinking to co-immunoprecipitate PDHB and DLAT (Figure S10). However, 

neither 15 min. nor 4 h cellular arsenite treatment (500 μM) decreases the yield of 

PDHB and DLAT recovery with FlagPDHA1. Hence, despite complex destabilization by 

arsenite, the complex does not significantly dissociate (Figures S11–S14 and Supplemental 

Discussion).

In conclusion, we have developed a platform to identify proteins that are destabilized 

in response to cellular stress. The DNAJB8H31Q immunoprecipitation assay identifies 

destabilized proteins using the same criterion as the cell: increased binding to a chaperone. 

Identification of likely destabilized proteins in the screening step enables targeted LiP-PRM 

as a mechanistically orthogonal, and technically straightforward, validation step. Using this 

technology, we identified proteins that are destabilized by just a brief 15 min. cellular 

arsenite exposure. Most of these proteins are known to be functionally perturbed by arsenite, 

with changes in post-translational modifications and even aggregation. However, it has not 

previously been demonstrated that these proteins are destabilized, nor that arsenite can 

induce conformational changes inside living cells within 15 min. of treatment. Furthermore, 

we have found that arsenite destabilizes both members of the E1 subunit of PDC. This 

platform will be useful in further understanding how environmental toxins and toxicants 

perturb proteome integrity.

DNAJB8 is localized to the nucleus and cytosol53, consistent with the lack of genetically 

encoded localization sequences, suggesting that this approach might be limited to those two 

environments. Nevertheless, 13% and 1% of high-confidence DNAJB8H31Q interactors are 

mitochondrial and secretory proteins respectively22. Given the high affinity of DNAJB8H31Q 

for its clients, it is possible that the protein can engage substrates after lysis. If this is the 

case, then DNAJB8H31Q could be used to profile across cellular environments, and suggests 

that cellular expression of DNAJB8H31Q may be dispensable for the assay. Alternatively, 

another way to assay for protein misfolding in the ER may be to append the distinctive 

C-terminus of DNJAB8 onto the native ER Hsp40 DNAJB11, with the H53Q mutation 

to block handoff to the ER Hsp70 BiP. Similarly to DNAJB8, secreted DNAJB11 has 

irreversible client binding in the absence of Hsp7054. Mammalian mitochondria do not 

have Type II (DNAJB) Hsp40 chaperones13. For that environment, it would be necessary 

to evaluate whether DNAJB8H31Q with mitochondrial matrix or IMS localization sequences 
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a) perturb mitochondrial proteostasis and b) are able to reach, fold, and function in those 

environments. Further investigation will establish what fraction of the proteome can be 

assayed by this approach.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Design of the Hsp40 affinity assay for misfolded proteins. A) DNAJB8 binding and handoff 

to Hsp70 is interrupted by an H31Q mutation in the J-domain. B) If cellular treatment 

increases the misfolded population of a DNAJB8 client protein, then the apparent affinity of 

that protein for DNAJB8H31Q will increase.
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Figure 2. 
Arsenite treatment increases the affinity of a select subset of proteins with DNAJB8H31Q. 

A) Experimental protocol. B) Representative silver stain for proteins co-immunoprecipitated 

with DNAJB8H31Q. C) Volcano plot illustrating the effect of cellular As treatment on protein 

interactions with DNAJB8H31Q. Red dots represent proteins with significantly increased 

interaction with DNAJB8H31Q, using a false discovery rate threshold (FDR) of 5% (n = 

12 biological replicates in 4 TMT-AP-MS runs). Protein names in purple are RNA-binding 

proteins.
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Figure 3. 
Cadmium treatment (200 μM Cd(NO3)2 for 15 min.) only affects the DNAJB8H31Q affinity 

of a few proteins. The experimental protocol is similar to Figure 1A. n = 12 biological 

replicates in 4 TMT-AP-MS runs.

Quanrud et al. Page 15

Anal Chem. Author manuscript; available in PMC 2023 February 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
A) Schematic illustrating how limited proteolysis differentiates between different 

conformations of a protein. B) Proteinase K susceptibility curves for four peptides as 

monitored by LiP-PRM. Error bars represent standard error (n = 3).
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Figure 5. 
A) Proteinase K susceptibility curves for four peptides from the E1 subunit of PDC as 

monitored by LiP-PRM. Error bars represent standard error (n = 3). B) Crystal structure of 

the dimeric PDC E1 subunit (PDB: 1NI4)55,56 with As destabilized peptides are colored red, 

and the two peptides that are not As-sensitive are blue. The arrow indicates the location of 

the lipoamide co-factor.
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